We studied the pharmacological properties of twenty-four 5-hydroxytryptamine (5-HT) 4 receptor ligands known to act as antagonists on 5-HT 4 receptors positively coupled to adenylyl cyclase endogenously expressed in mouse colliculi neurons. In COS-7 cells expressing human or mouse 5-HT 4(a) receptors (100 -8000 fmol/mg of protein), we found neutral antagonists, partial agonists, and inverse agonists. The majority of neutral antagonists belong to the benzodioxanyl ketone class, whereas partial agonists belong to different chemical classes. We found only two inverse agonists, GR 125487 and SB 207266, which are both indoles. Analysis of pharmacological characteristics of the constitutively active wild-type and constitutively active mutated receptors revealed that 1) the ratio between the efficiencies of the full agonist 5-HT and the partial agonist RS 23597 was invariable when the receptor density increased, but was dependent on receptor structure; 2) similarly, the efficacy of the inverse agonist SB 207266 was not dependent on receptor density but was dependent on receptor structure; 3) when the receptor concentration increased, the EC 50 values of the full agonist 5-HT were not modified and the increase in basal constitutive activity, as well as its stimulation by 5-HT, followed a parallel evolution; and 4) the stimulation of basal constitutive activity by 5-HT was not modified by the overexpression of G␣s. All these results indicate that in COS-7 cells, the coupling of the 5-HT 4 receptor to adenylyl cyclase was linear with no indication of spare receptors even at high receptor density (8 pmol/mg). These results are also in accordance with a precoupling between the activated receptor (f R* ) and adenylyl cyclase. Such observations allowed us to use the two-state model to calculate the constant J, i.e., the equilibrium allosteric constant denoting the ratio of the receptor in the inactive versus active state (J ϭ [R]/[R*]). We found that J was a receptor structural characteristic, independent of receptor density.
density but was dependent on receptor structure; 3) when the receptor concentration increased, the EC 50 values of the full agonist 5-HT were not modified and the increase in basal constitutive activity, as well as its stimulation by 5-HT, followed a parallel evolution; and 4) the stimulation of basal constitutive activity by 5-HT was not modified by the overexpression of G␣s. All these results indicate that in COS-7 cells, the coupling of the 5-HT 4 receptor to adenylyl cyclase was linear with no indication of spare receptors even at high receptor density (8 pmol/mg). These results are also in accordance with a precoupling between the activated receptor (f R* ) and adenylyl cyclase. Such observations allowed us to use the two-state model to calculate the constant J, i.e., the equilibrium allosteric constant denoting the ratio of the receptor in the inactive versus active state (J ϭ [R]/[R*]). We found that J was a receptor structural characteristic, independent of receptor density.
Until recently, classical theories of G protein-coupled receptors (GPCRs) activation assumed that agonist binding by receptors led to a change in conformation. This change was supposed to provide a way for the receptor-agonist complex to activate the G proteins. Recent descriptions of basal constitutive activity of GPCRs and inverse agonism have shed light on several new issues (Costa et al., 1992; Kjelsberg et al., 1992; Samama et al., 1993; Bond et al., 1995) . One issue concerns the behavior of receptor antagonists; the other concerns the nature of basal constitutive activity. It is now evident that compounds that were considered to be antagonists indeed behave as partial agonists, neutral antagonists, or inverse agonists when tested on constitutively active receptors (Chidiac et al., 1994) . There are limited data reporting the possible "physiological" role of basal constitutive activity of GPCRs. One study concerns opsin, the rhodopsin apoprotein. The constitutive activity of opsin is certainly responsible for transduction noise caused by previous light exposure (Surya et al., 1995) . If such noise exists in other GPCR systems, it is important to determine the pharmacological characteristics of antagonists, especially those used in clinical tests because a neutral antagonist may not have the same therapeutic effect as an inverse agonist.
The primary goal of this study was to determine the efficacy of classical 5-hydroxytryptamine (5-HT) 4 receptor antagonists on 5-HT 4 receptors transfected in COS-7 cells. 5-HT 4 receptors are Gs-coupled GPCRs showing marked constitutive activity at low physiologically relevant concentrations when transfected in different cell lines (Claeysen et al., 1997 (Claeysen et al., , 1999 .
The secondary goal was to analyze the pharmacological properties of constitutively active wild-type and mutated 5-HT 4 receptors. Specifically, receptor reserve was studied. In COS-7 cells, we found that native or mutated 5-HT 4 receptors could be expressed without showing any significant receptor reserve. Finally, we took advantage of this cellular preparation, in which the relationship between receptor density and cAMP production was quasi-linear, to analyze our results with the two-state allosteric model. This model was introduced by Monod et al. (1965) and developed by Karlin (1967) , Thron (1970) , Colquhoun (1973) , and Leff (1995) in the context of GPCRs. It has been used by Bond et al. (1995) to describe the physiological effects of inverse agonists in transgenic mice with myocardial overexpression of the ␤ 2 -adrenoreceptor. Making some minimal assumptions, we calculated the J constant, the allosteric equilibrium constant denoting the ratio between the inactive (R) and the active (R*) states of the receptor, J ϭ [R]/[R*], which to date has never been determined experimentally. As expected from the two-state model, we found that J was independent of the receptor density but dependent on receptor structure.
glass-Teflon potter at 4°C. The homogenate was centrifuged at 100,000g for 1 h, and the membrane pellet was resuspended in a lysis buffer and sonicated for 20 s. A Laemmli sample buffer was then added. Membrane extract (30 g) was loaded per lane and electrophoresed on 12% SDS-polyacrylamide gel electrophoresis gels. Proteins were transferred onto nitrocellulose (Amersham Pharmacia Biotech, Little Chalfont, UK) by humid transfer and the membranes blocked for 1 h at RT in 5% milk-TBST (100 mM NaCl; 10 mM Tris-HCl, pH 7.4; and 0.05% Tween 20). The membranes were incubated overnight at 4°C with G␣s-specific antibodies produced by Dufour M-N (Centre National de la Recherche Scientifique Unité Propre de Recherche, Montpellier, France). The antibodies were generated in rabbits against a synthetic peptide RMHLRQYELL, corresponding to the C-terminal region of all the forms of the ␣-subunit of Gs: G␣s (short; 45 kDa) and G␣s (long; 52 kDa). The antibodies were used at a dilution of 1:500 onto blocking buffer. After extensive washing in TBST, membranes were incubated for at least 1 h at RT with peroxidase-coupled secondary antiserum, diluted in 5% milk-TBST (1: 4000 for anti-rabbit). After further washing, the immunocomplexes were revealed by enhanced chemiluminescence (Renaissance Plus; NEN Life Science Products, Zaventem, Belgium).
Data Analysis. The dose-response curves were fitted according to the equation y ϭ ((y max Ϫ y min )/1 ϩ (x/EC 50 )n H ϩ y min ) where EC 50 is the concentration of agonist giving a response equal to 50% of the maximum; y max and y min correspond to the maximal and minimal values, respectively; and n H is the Hill coefficient, with the Kaleidagraph program. Statistical differences were examined with the StatView Student program (Abacus Concepts, Berkeley, CA) with t tests. RS 124478 {N-(3(4-[3-(8-amino-7-chloro-2,3-dihydro-benzo[1,4] 
Results
Effects of a Series of 5-HT 4 Receptor Antagonists on Agonist-Independent cAMP Production in COS-7 Cells Expressing Transiently Either Human or Mouse 5-HT 4(a) Receptors. As previously reported (Claeysen et al., 1999) , COS-7 cells expressing 200 to 500 fmol/mg of receptor protein exhibited, in the absence of agonist, cAMP production (constitutive activity) that was 2-to 4-fold higher than that measured in mocked transfected cells (true basal activity; Fig. 1 ). We first studied the potential neutral antagonist, partial agonist, and inverse agonist properties of a series of drugs that behave as 5-HT 4 neutral antagonists in colliculi neurons, one of the most studied 5-HT 4 receptor-expressing cells (Dumuis et al., 1988; Bockaert et al., 1997; Clark, 1998; our unpublished data) . Three main chemical classes of antagonists acting on both human and mouse 5-HT 4(a) receptors were analyzed . The compounds acting as neutral antagonists generally came from the benzodioxanyl ketone class ( The efficiencies of all these compounds, relative to that of 5-HT, varied from 18 Ϯ 4 to 64 Ϯ 5% (Fig. 1, B and E). We found only two potent 5-HT 4 receptor ligands behaving as inverse agonists, an indole carboxylate (GR 125487) and an indole amide (SB 207266; Fig. 1, C and F) .
Concentration-Response Curves of Five 5-HT 4 Receptor Antagonists on Agonist-Independent and -Dependent cAMP Production in COS-7 Cells Transiently Expressing m5-HT 4(a) Receptors. As expected, partial agonists were able to inhibit the 5-HT-stimulated cAMP production to levels corresponding to the cAMP productions observed when they were applied alone at maximal concentrations ( . GR 125487 was 6-to 10-fold more potent than SB 207266. In contrast, SB 207266 was more efficacious than GR 125487. They reduced the basal constitutive activities to 22 Ϯ 7 and 35 Ϯ 5%, respectively. Both drugs also were able to inhibit the 5-HT responses. As expected, at high inverse agonist concentrations, cAMP productions were similar to those measured in the Absence of Effect of Receptor Density on Partial Agonist RS 23597 and Inverse Agonist SB 207266 Efficiencies. When the density of 5-HT 4(a) receptors was increased from 200 to 8300 fmol/mg of protein, we observed an increase in basal constitutive activity, as well as a proportional increase in the 5-HT-stimulated response (Fig. 4A) . However, in contrast to what was expected if spare receptors were present (Leff, 1988; Kenakin and Morgan, 1989) , we found that the efficacy of the partial agonist RS 23597 relative to that of 5-HT was constant regardless of receptor density (Fig. 4C) . Similar results were observed when constitutively active, mutated 5-HT 4 receptors (5-HT 4 RA258L and 5-HT 4 R⌬327; Claeysen et al., 1999) were studied. The efficacy of RS 23597 was characteristic of the receptor (45 Ϯ 3, 69 Ϯ 5, and 83 Ϯ 7% for wild-type 5-HT 4(a) R, 5-HT 4 R⌬327, and the 5-HT 4 RA258L, respectively; Fig. 4E ).
Although the efficacy of partial agonists has been measured in many cellular systems, particularly as a function of receptor density, no such data are available for inverse agonists. The efficacy of SB 207266 in inhibiting activity of the wild-type 5-HT 4 R, as well as the constitutively active, mutated 5-HT 4 R (5-HT 4 RA258L and 5-HT 4 R⌬327), was constant regardless of receptor density (Fig. 4, D and F) . The efficacy of the inverse agonist was 70 Ϯ 3, 50 Ϯ 4, and 32 Ϯ 3% for wild-type 5-HT 4(a) R, 5-HT 4 R⌬327, and 5-HT 4 RA258L, respectively. Together, these observations clearly indicate that the efficacy of the inverse agonist was a characteristic of receptor structure.
Absence of Effect of Receptor Density on 5-HT Response Curves. We determined whether the cellular model used herein expressed receptor reserve and a nonlinear behavior as a function of receptor density. As seen in Fig. 5, A and B, the stimulation of the basal constitutive activity by 5-HT was constant regardless of receptor density (up to 8000 fmol/mg of protein). In addition, the EC 50 of the dose-response curves did not shift to the left (Fig. 5C) . Similarly, the 5-HT stimulation of basal constitutive activity was constant regardless of the concentration of mutated receptors (5-HT 4 RA258L and 5-HT 4 R⌬327; Fig. 5D ). However, the 5-HT stimulation of basal constitutive activity was a receptor characteristic (Fig. 5D) . It was lower for mutated than for wildtype 5-HT 4 R. Note that we have previously found that the mutated receptors yielded higher basal constitutive activities than the wild-type 5-HT 4 R (Claeysen et al., 1999 and legends to Figs. 4 and 5) .
Concentrations of Gs and Adenylyl Cyclase Did Not Limit 5-HT-Stimulated cAMP Production Regardless of Receptor Density. One important parameter to consider when analyzing receptor efficacy is whether there is a limiting factor between activated receptors and the measured function. In this study, the measured function is cAMP production. As seen in Fig. 6 , 5-HT stimulation of basal activity did not significantly change regardless of receptor density when we overexpressed G␣ s . This suggests that neither G␣ s nor adenylyl cyclase were limiting.
Determination of the Allosteric Equilibrium Constant J Denoting Ratio between Inactive R and Active R* State of 5-HT 4 Receptors According to Two-State Model. Three main models have been used to explain results obtained with GPCRs that exhibit constitutive activities and on which some ligands are inverse agonists: the two statemodel (Bond et al., 1995; Leff, 1995) , the extended ternary complex model (Samama et al., 1993) , and the cubic ternary complex model (Kenakin, 1996) . We analyzed our results with the simplest one, the two-state model. This model can be represented as shown in Scheme 1.
The receptor exists in two forms, R and R*. In the absence of a ligand (L), the distribution between the two states is governed by the equilibrium constant
The ligand has affinities for the two states governed by the dissociation equilibrium constant K L and K L * with
[
The agonist has a higher affinity (lower dissociation equilibrium constant [K L *]) for R* than for R (K L ; K L */K L Ͻ Ͻ 1) and thus displaces the equilibrium toward R*. A neutral antagonist has an identical affinity for R* and R (K L */K L ϭ 1), whereas an inverse agonist has a higher affinity for R than for R* (K L */K L Ͼ Ͼ 1) and thus displaces the equilibrium toward R. With these equations, it is possible to derive the relationship between the concentration of receptors in the active form [R*] ϩ [LR*] and the concentration of agonist [L] . Expressing this as a fraction (f R* ) of the total receptor concentration gives
In COS-7 cells expressing 5-HT 4 receptors, we observed no evidence for receptor reserve, even at high receptor density. Therefore, in this particular system, we can assume that cAMP production is proportional to (f R* ):
It is important to note that the two-state model does not imply a linear relationship between R* and response. From eq. 6 one can write: 1) basal constitutive activity ϭ 1/(1 ϩ J) (eq. 7), taking [L] ϭ 0 in eq. 5; and 2 (Adham et al., 1996) . These two affinities are likely to be close to the affinities of 5-HT for R* and R, respectively, and thus probably close to K L * and K L , respectively. Under these conditions, [K L *]/[K L ] ϭ 0.008. It is more difficult to a priori approximate the J value. However, we know that even at physiological concentrations of 5-HT 4 receptors, the basal constitutive activity is equal to 2 to 3 times the basal activity of mocked transfected cells (Claeysen et al., 1999 (Claeysen et al., , no. 1721 . Therefore, we can make the minimal hypothesis that 10% of the receptors are under the R*, J ϭ 9. V max is then equal to 1/(1 ϩ 9 ϫ 0.008) ϭ 0.93 (eq. 5 with J ϭ 9 and K L */K L ϭ0.008), which is close to 1.
When the four dose-effect curves of Fig. 5A were plotted, taking for each curve the corresponding V max for 5-HT equal to the upper limit of 1, the curves were superimposable (Fig.  7A) . In particular, the basal constitutive activities (1/(1 ϩ J)) (L ϭ 0 in eq. 5) were identical (Fig. 7A) . The value of J can be calculated. J was not statistically different when the receptor density varied from 200 to 8000 fmol/mg of protein (Fig. 7B) . The mean value being equal to 6.15 Ϯ 0.62 (n ϭ 12). This indicates that in these cells, 14 Ϯ 0.43% of receptors were in the R* state in the absence of ligand. When a similar study was performed with mutated 5-HT 4 Rs, J values close to 1 were found for 5-HT 4 RA258L and 5-HT 4 R⌬327, respectively (50% of the receptors were in R* in the absence of agonist; Fig. 7B ). Again, the J values were constant regardless of the receptor density.
Discussion
The 5-HT 4 receptor was first defined 10 years ago as being a receptor for which the classical 5-HT receptor antagonists were ineffective, except for tropisetron, which was a weak competitive antagonist (Dumuis et al., 1988) . Several pharmaceutical companies have identified a large series of potent and specific agonists and antagonists . Therapeutic implications of 5-HT 4 receptor ligands are now used in therapy, such as agonists in treatment of gastric hypomotility, improvement of esophageal acid reflux, and augmentation of stomach emptying (Bockaert et al., 1994; Eglen and Hedge, 1996) . These companies also were interested in potential therapeutic indications of antagonists or partial agonists in pathologies such as irritable bowel syndrome, arrhythmia, and urinary incontinence (Eglen and Hedge, 1996; Bockaert et al., 1997; Gaster and King, 1997) .
There is still some debate whether, under physiological conditions, the J constant and/or the density of receptors is high enough to trigger a detectable basal constitutive activity. As already indicated in the Introduction, metarhodopsin-II, the activated species of rhodopsin, decays to the apoprotein opsin and free all-trans-retinal. Opsin has an intrinsic activity that can be inhibited by reintroducing 11-cis-retinal (Surya et al., 1995) . This constitutive activity could be the source of an adaptive signal that could switch itself off by converting this protein to rhodopsin. This may explain why photoreceptor sensitivity is related to transduction noise caused by previous light exposure. This suggestion was first made by Barlow (1964) . If such events occur with other GPCRs systems under nonmutated conditions, it is evident that neutral, inverse agonist or partial agonist types of antagonists will not provide the same therapeutic effects. 5-HT 4 Rs are good candidates for having physiological constitutive activity because in several cell lines, its expression at low density (100 -500 fmol/mg) resulted in a 2-to 4-fold increase in basal constitutive activity (Claeysen et al., 1999) . Therefore, the first goal of this study was to reconsider the pharmacological properties of drugs, which are 5-HT 4 R antagonists on 5-HT 4 R expressed in mouse colliculi neurons, on a system expressing a basal constitutive activity. COS-7 cells expressing 100 to 8000 fmol/mg of protein of 5-HT 4 Rs were chosen. A large series of neutral antagonists, all (except one) belonging to the benzodioxanyl ketone chemical class was found. Only two drugs were inverse agonists, both being indole derivatives (GR 125487 and SB 207266) . All the others, belonging to various chemical classes, were partial agonists. Several compounds were particularly interesting. ML 10302 behaved as a neutral antagonist on 5-HT 4 Rs present in mouse colliculi neurons but acted as a very active partial agonist in inducing contractions of guinea pig ileum and relaxation of rat esophagus (Langlois et al., 1994; Eglen and Hedge, 1996) . In cells transfected with mouse or human 5-HT 4(a) receptors as described herein, ML10302 acts as a very efficacious partial agonist. In the two-state model, the V max activity of a partial agonist is equal to V max ϭ 1/(1 ϩ J K L */K L ; eq. 3). Therefore, these results may suggest that either the K L */K L or the J constant are different when the mouse 5-HT 4 receptors are expressed in colliculi neurons or in transfected cells. It would be interesting to measure the J constant, as described herein, for a given receptor but on different cell lines. J may vary from one tissue to another depending on several factors (e.g., covalent modifications of R or R*, protein-lipid environment differentially affecting R or R*). Similarly, in rat esophagus and guinea pig ileum the J constant or the K L /K L * ratio may be different. Blondel et al. (1998) described that ML10375, a potent and selective 5-HT 4 receptor antagonist (Yang et al., 1997) , behaved as an inverse agonist on human receptors transfected in COS-7 cells, the same model as we used herein. In contrast, we found that it behaved as a neutral antagonist. We have no explanation for such a discrepancy.
In classical pharmacological and operational models (Leff, 1988; Kenakin and Morgan, 1989 ), the response is described through a hyperbolic forcing function Eϭ ET[LR]/C t ϩ [LR] (eq. 9), where [LR] is the concentration of the agonist (L) receptor complex, ET is the maximal response that could be obtained if [LR] is very high, compared with C t ,, which represents the coupling constant (concentration of LR giving half of the ET response). In such a model, and at maximal agonist concentrations, the maximal response (E max ϭ efficacy) is limited by the concentration of LR in the cell, equal to RT and the coupling constant C t .
A partial agonist can be seen as a drug, giving an LR complex with a coupling constant higher than that of a full agonist. If RT Ͼ Ͼ C t , increasing RT should provide a way of reaching the same E max with both a partial and a full agonist. In contrast, if RT is low compared with C t ([RT] Ͻ Ͻ C t ; absence of spare receptors) all the results found in this report are expected.
First, when [RT] was increased from 200 fmol/mg to 8300 fmol/mg the ratio between the full agonist 5-HT-and the partial agonist RS 23597-stimulated cAMP production was constant. This constant ratio also was observed in cells transfected with the mutated 5-HT 4 receptors. Second, when [RT] was increased, the efficiencies of inverse agonists remained unchanged.
Third, we found a linear relationship between the increase in basal constitutive activity and the 5-HT-stimulated response, regardless of the wild-type and mutated receptor densities (up to 8000 pmol/mg of protein; Fig. 5 ). Such a constant stimulation of basal constitutive activity by ␤ 2 -adrenergic agonists also has been found by others in Chinese hamster ovary cells expressing increasing receptor concentrations (Samama et al., 1993; Ambrosio et al., 2000) . In contrast, Chen et al. (2000) found that the stimulation of the human receptor-mediated constitutive activity, by the calcitonine hormone, decreased with increasing receptor density.
Fourth, the EC 50 value of the 5-HT dose-response curves was unchanged when the density of receptor increased. This behavior also was found for ␤ 2 -adrenoreceptor-stimulated cAMP production in Chinese hamster ovary cells (Ambrosio et al., 2000) and C6 glioma cells (Zhong et al., 1996) . It is important to note that the number of transfected cells that remained the same regardless of the density of receptors (60%) is probably because the total amount of DNA was kept constant during transfection. This was verified with epitopetagged (c-Myc) 5-HT 4 receptors (data not shown). These data indicated that the response was not limited by the coupling components and especially the Gs protein and this conclusion was verified. The 5-HT stimulation of basal constitutive activity was not modified after overexpression of G␣ sL .
Fifth, the linearity between receptor occupancy and cAMP response also can be explained if one considers that 5-HT 4 receptors are precoupled, i.e., associated with only one G protein, at least for the R* form. Such a preferential association with a G protein could be due to limited R diffusion within the membrane, G protein, and adenylyl cyclase. Although the precoupled hypothesis is old, it may apply to some receptors in particular cellular contexts (Braun and Levitsky, 1979; Lefkowitz et al., 1993; Kenakin, 1996) . Recently, many precoupled GPCR/G proteins have been generated by fusing the coding sequences of both proteins (Seifert et al., 1999) . No dramatic difference in the dose-response curves was observed compared with the natural system. For example, in a recent report, Walddoer et al. (1999) found the same EC 50 in the cAMP dose-inhibition curves induced by A 1 -adenosine receptors or A 1 -adenosine/G␣i 1 -fused receptors. An important implication of these studies is that it is not necessary for G␣ to diffuse away from the receptor to reach its targets. The signaling proteins (receptors-G protein-effectors) are more likely to be packed together than previously thought.
Sixth, in a precoupled model, and providing that the G protein concentration is not limiting, which seems to be the case in this study (Fig. 6) , increasing the receptor density will increase the maximal response but not the agonist potency. This is because the potency is an intrinsic property of each receptor related to the ratio K L /K L * for a given drug. Such a precoupling hypothesis also can explain why the inhibition of the basal constitutive activity by the inverse agonist SB 207266 was constant regardless of the receptor density (Fig.  4) . The efficacy of inverse agonists was dependent of the structure of the receptor, being lower for the mutated than for the wild-type receptor.
Seventh, only a few reports have tried to fit data obtained with GPCRs displaying constitutive activity to calculate important constants such as J. Samama et al. (1993) used the ternary complex model and found it to correctly fit their data. Bond et al. (1995) was successful in using the two-state Fig. 7 . Calculation of the allosteric J constant. A, according to the two statemodel, basal values are equal to 1/(1 ϩ J) (eq. 7). cAMP productions in response to increasing concentration of 5-HT performed in Fig. 4A were expressed as a fraction of maximal 5-HT response (taken as equal to 1 in each condition). B, J constant values calculated from basal values equal to 1/(1 ϩ J) (eq. 7) are plotted at increasing receptor densities for the wildtype m5-HT 4(a) and both mutated m5-HT 4 ⌬327 and m5-HT 4(a) A258L receptors.
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at ASPET Journals on October 13, 2017 molpharm.aspetjournals.org model to fit the responses obtained with constitutive ␤ 2 -adrenergic receptors overexpressed in myocardial muscle of transgenic mice. However in both studies, the data were fitted with a priori constant values with no attempt to obtain them from experimental data. One of the main assumptions required to fit the data with the two-state model, to calculate the J constant, without introducing to many a priori constants is that there is a linear relationship between the fraction of active receptors (f R* ) and the response. The data presented herein fulfill this assumption. J was 6.15 Ϯ 0.62 when wild-type 5-HT 4 receptors are transfected in COS cells. This corresponds to 14 Ϯ 0.43% of the total wild-type 5-HT 4 receptor population, which is in the R* state. We verified two important implications of the two-state model. First, the absence of effect of receptor density on the equilibrium J constant that determines the distribution of receptors between R and R*. Second, the absence of effect of receptor density on the efficacy of partial and inverse agonists. We also verified that the J constant was dependent on receptor structure, being close to 1 (50% of receptor under the R* state) for mutated 5-HT 4 RA258L and 5-HT 4 R⌬327. However, it is likely that such a simple model may be less satisfactory to describe other GPCR systems in which a clear hyperbolic relationship exists between active receptors and the final response (Chen et al., 2000) .
And eighth, when transfected in COS-7 cells, the relationships between the density of wild-type and mutated 5-HT 4 receptors and the cAMP responses were linear. This allowed us to use the simple two-state model to describe the doseeffect curves and to determine the J constant, an important parameter in the allosteric hypothesis of receptor action.
